At the end of the 19th century, after prolonged and extensive harvesting, indigenous giant tortoises had been eliminated from all islands in the Indian Ocean, except Aldabra atoll, where only a few survived. With greatly reduced levels of exploitation during the 20th century, the population recovered to a revised estimated total of 129 000 in 1973^1974, when the ¢rst sample census was conducted. A repeat census in 1997 revealed a highly signi¢cant reduction in numbers over the past 24 years to an estimated total of 100 000. The great majority of tortoises are still found at relatively high density in south-eastern Grande Terre, where the number of animals has declined by more than one-third. In contrast, low-density subpopulations on Malabar and Picard have almost doubled in size, but they represent less than 5% of the total population. Corroborative evidence for the crash in the Grande Terre subpopulation comes from two independent observations: a signi¢cant increase in tortoise mortality; and a signi¢cant decline in tortoise counts on long-term population monitoring transects. These population changes are attributed to natural population regulatory mechanisms, exacerbated by low rainfall years in the period 1980^1997, including two consecutive years of below average rainfall in 1995^1996 and 1996^1997.
INTRODUCTION
Scienti¢c interest in the giant tortoises (Geochelone gigantea Schweigger) of Aldabra atoll in the western Indian Ocean (¢gures 1 and 2) and concern for their survival date back more than a century (GÏnther 1877). Fears of excessive harvesting and possible extinction of the species prompted eminent scientists of the day, including Hooker, Owen, Darwin, Newton and GÏnther, to petition the Governor of Mauritius and the Seychelles in April 1874 to ensure their protection (Stoddart & Peake 1979) .
By the end of the 19th century, there is little doubt that Aldabra's tortoise population had been severely depleted by repeated collection (¢gure 3a), removal and consumption by man (Rothschild 1915) . Wharton (1879) stated that`the reptiles are now very scarce' and that a party of his sailors was only able to ¢nd one specimen`after much trouble and search'. In 1892 Spurs, the resident lessee, reintroduced tortoises to I ª le Picard from the`principal section' (Grande Terre?) and claimed that there`were more than 1000 tortoises' on the atoll (Riseley-Gri¤th 1892). However, Abbott (1893) , after a stay of four months, believed this to be a`considerable overestimate' . Voeltzkow (1895) found six tortoises near Dune d'Messe, and only three others during a four-day search of the south-east of the atoll. Roberts (1905) , after a four-month stay, commented that most tortoises were to be found on Grande Terre, but that he had not seen many. Fryer's diary of a six-month sojourn on Aldabra in 1908 makes little mention of tortoises in areas where they are now common (Stoddart 1971) . Nicoll (1908) claimed that tortoises were restricted to the northern side of the atoll. Fryer (1911, p. 420) reported that the tortoise`still occurs in fair numbers on the extreme east of the Main Island [Grande Terre] and is scattered in small numbers in the rest of the atoll. It is also found on Malabar and Picard islands but is stated to have been introduced . . . only two were found on Malabar, both young specimens'. Eighteen years later, Dupont (1929, p. 17) reported that he saw`a great many tortoises all over the place' and that tortoises had`selected the Cinq Cases area for their breeding ground almost to the exclusion of other parts of the atoll'.
Public concern was reawakened in the mid-1960s, when plans for development of Aldabra as a military base became known (Gaymer 1968; Stoddart 1968a,b; Beamish 1970 ). An international campaign to`save' Aldabra was launched and, following a strategic review of Britain's defence policy east of Suez and devaluation of the pound sterling, plans for military development of the atoll were cancelled in 1967. After an initial expeditionary phase in 1967^1969, the Royal Society established a research station on the atoll in 1971, and continued to manage a programme of studies to investigate the terrestrial ecology of Aldabra until 1980.
Operations were ¢nanced by a Parliamentary Grant-inAid, with additional support from the US National Academy of Sciences, the Smithsonian Institute and the World Wildlife Fund (now the World Wide Fund for Nature).
A key component of the research programme related to the ecology and dynamics of the giant tortoise population. After initial investigations by Gaymer (1968 Gaymer ( , 1973 and Grubb (1971) , a long-term tortoise-monitoring programme commenced with a sample census in 1973^1974, and the semi-permanent marking of some 7882 individuals with numbered titanium discs (Bourn & Coe 1978) . A series of interrelated studies followed, focusing on interactions between tortoises and vegetation (Merton et al. 1976; Hnatiuk et al. 1976) ; reproduction (Bourn 1977; Swingland & Coe 1978) ; mortality ; recruitment ; biomass, production and carrying capacity ; feeding and seasonal movement (Hamilton & Coe 1982; Gibson & Hamilton 1983) ; and concluding with a synthesis of population processes (Gibson & Hamilton 1984) .
Since 1980, Aldabra has been managed by the Seychelles Islands Foundation (SIF), as a Special Reserve under the Seychelles National Parks and Conservancy Act, and the tortoise population has been assessed intermittently using strip transects. In recognition of its unique ecological and geological attributes, Aldabra was designated as a World Heritage Site by UNESCO in 1982 (Seaton et al. 1991; Amin et al. 1995) .
This paper presents the ¢ndings of a repeat sample census of the Aldabran giant tortoise population during July and August 1997 (early dry season) undertaken on behalf of SIF by the Environmental Research Group Oxford Limited (ERGO 1997) 
CENSUS METHOD (a) Hectare sample plots
The ¢rst census of giant tortoises on Aldabra was carried out over an 18-month period from April 1973 to September 1974, in conjunction with a large-scale marking programme, and was based on a 5% strati¢ed random sample of 292 ha shown in ¢gure 2. Each sample hectare was located by means of aerial photographs taken in 1960, demarcated by a perimeter rope laid out on compass bearings, and searched thoroughly by three people. All live tortoises and carapace remains found were individually measured and recorded (Bourn & Coe 1978) .
Essentially the same method was used in July and August 1997. The only di¡erences were that because of time constraints: circular, rather than square, hectare sample plots were used; two teams of three people, rather than one, were employed as search parties; and sample intensity in the south-east and south coast regions of Grande Terre was reduced from 5% to 2.5%.
The geographical coordinates of the original sample hectares were selected randomly and numbered individually from 1^292. To avoid bias in subsample selection, only odd-numbered hectares on Grande Terre were resampled, thereby establishing a repeated-measures sample of the original random selection. Eighty-four out of the original 168 ha in the south-east and 46 out of the original 92 ha along the south coast of Grande Terre were re-examined. All 32 of the original hectares on Malabar were resampled. Thus, in total, 162 out of the original 292 ha were included in the 1997 census.
Copies of the original aerial photographs were used to relocate sample hectares. Quite unexpectedly, it was found that most of the original hectare site markers, consisting of rock cairns, thin mangrove poles and engraved plastic tags held in place with stainless steel wire, had survived 24 years of tropical exposure (¢gure 3b). It was possible, therefore, to positively identify the majority of re-examined hectares.
(b) Information collected
The Universal Transverse Mercator (UTM) coordinates of sample hectares were determined by means of hand-held Global Positioning System (GPS) receivers (Garmin 45XL) for future relocation. Having identi¢ed the centre of a sample hectare, the area within a radius of 56.4 m of that point was systematically searched by a team of three using a measuring tape and ropes to de¢ne incremental sectors. All the live tortoises and carapace remains (¢gure 3c) found were examined and marked temporarily to avoid multiple recording. The curved width of the third dorsal scute was measured to the nearest millimetre, and the sex of all individuals with a third scute width 420 cm was assessed by inspection of tail length, plastron depth and hind claw length.
ESTIMATION OF POPULATION SIZE
Statistically robust estimates of the number of tortoises on Aldabra and objective assessments of change must take account of variations inherent within the sample data, the uneven distribution of tortoises around the atoll, seasonal movements between habitats, and general preferences for some vegetation types over others.
(a) Data transformation
The wide variation in tortoise numbers between sample hectares requires allowance to be made for the frequency distribution of census data. Bourn & Coe's (1978) original analyses were carried out on untransformed data, assuming a normal distribution, whereas a Poisson, or more skewed distribution, was likely. Examination of both the 1973^1974 and 1997 census data showed that frequency distributions were skewed away from normal and approximated Poisson distributions. Square-root transformations of the data produced frequency distributions that approximated normal, so all subsequent analyses were carried out on square-root transformed data, but are presented as back-transformed ¢gures. Hectares in both census periods are paired observations, so paired t-tests on the transformed data were used to test for the signi¢cance of change.
(b) Subpopulations
The giant tortoise population of Aldabra is divided into various subpopulations by geographical and habitat barriers (see ¢gure 2). Within subpopulations, circulation and movement is likely, but between them it is unlikely. The strength of the barriers ranges from near complete isolation of subpopulations on di¡erent islands, to gradual but slow movement between units separated only by habitat barriers (Gibson & Hamilton (1983) , based on their own data and that derived from Bourn & Coe (1978) and ). Bourn & Coe (1978) identi¢ed two subpopulations in the eastern region and along the south coast of Grande Terre, and two other subpopulations on I ª le Malabar and I ª le Picard. Allowances were also made for tortoises occupying dense Pemphis acidula scrub and other suitable areas, including minor islands within the lagoon. Analysis of recaptured marked tortoises by Gibson & Hamilton (1984) , revealed a further subpopulation divide within the eastern region of Grande Terre. They identi¢ed a partial habitat barrier formed by pool, mangrove and shade-free ridge vegetation separating a`Takamaka' subpopulation from a`Cinq Cases' subpopulation.
(c) Seasonal movement
Seasonal movements of tortoises between habitats in the Cinq Cases region (¢gures 3a^f ) have been reported since the earliest observations on Aldabra (Fryer 1911 ). Vegetation and primary production studies by Gibson & Phillipson (1983a,b) provided a sound basis for reanalysis of the original tortoise census data (Bourn & Coe 1978) and quantitative assessment of seasonal movements (Gibson & Hamilton 1983 ).
Results of seasonal movement studies showed that during the dry season giant tortoises are relatively evenly dispersed between the di¡erent habitat types, although P. acidula and mangrove vegetation is little used, and there is a twofold di¡erence in density between the closed mixed scrub types and more open areas. At the ¢rst signi¢cant rain, there is an immediate concentration of tortoises on the open Sporobolus virginicus swards of the coastal fringe, followed by concentrations in open mixed scrub and associated coastal mixed scrubs, as the`tortoise turf ' begins to grow. In consequence, there can be as much as a ¢ve-or even tenfold di¡erence in density between di¡erent habitat types during the wet season (Gibson & Hamilton 1983) .
To minimize the e¡ects of this density variability between habitats, the 1997 tortoise census was carried out during the dry season. The 1973^1974 census, however, was conducted as part of a time-consuming, baseline, marking and measuring programme, which extended over both dry and wet seasons. Bourn & Coe's (1978) original counts were adjusted for the seasonal changes in density in the ¢ve di¡erent habitat types (S. virginicus turf, coastal mixed scrub, open mixed scrub, mixed scrub and pool vegetation) as estimated by Gibson & Hamilton (1983) . These adjustments are based on one or at most two years' estimates of density for each month and are inevitably approximate, whereas the true ¢gure is likely to be a¡ected by a particular year's rainfall and hence productivity patterns.
Habitats in Cinq Cases and Takamaka are spatially arranged in a mosaic of large blocks, with seasonal movements of tortoises between them. Elsewhere, habitats tend to be in narrow bands and small patches, accessible by short-term daily movements (Gibson & Hamilton 1983) . Seasonal movements of subpopulations in these linear habitats are, therefore, less likely to be a source of bias in population density estimates.
(d) Habitat strati¢cation
Having corrected for seasonal movements between habitats, an overall residual di¡erence in tortoise density between habitat types remained. This di¡erence, however, was not useful in further strati¢cation, as increased precision was outweighed by decreased accuracy of smaller sample sizes. Con¢dence limits, as a proportion of the mean for individual habitats, were similar to, or higher than, the 11^13% obtained from the two censuses, using overall data without habitat strati¢ca-tion. No further correction was therefore justi¢ed.
(e) Overall population estimates
Revised tortoise population estimates for 1973^1974 and new ¢gures for 1997 are presented in table 1 and ¢gure 4. Estimates are based on square-root transformed data from the 162 ha examined on both occasions, and have been adjusted for seasonal variation in tortoise distribution. Mean density and population values are given, together with 95% con¢dence limits. The probabilities of chance occurrence are also indicated.
Data for Picard in both censuses were based on an unreplicated sample, so only a single density ¢gure is given for each occasion. Data for`south coast other', Malabar Pemphis',`Picard Pemphis' and`other areas' are based on non-quantitative estimates, and are included so that a nominal approximation to the whole Aldabra population can be given. Bourn & Coe's (1978) original ¢gures for these areas in 1973^1974 are given. The 1997 ¢gures have been discounted at the same rate of overall population change estimated for census areas with quantitative and replicated data.
The total population of giant tortoises on Aldabra atoll in 1997 was estimated to be 100 473, down from and a revised estimated total of 129 415 in 1973^1974. This revised ¢gure is considered to be more realistic than Bourn & Coe's (1978) original estimate of 150 466, which was based on analysis of untransformed data.
Tortoise numbers on Grande Terre have declined significantly since 1973^1974, with reductions of 33% in the Cinq Cases area (p 50.001) and 41% in the Takamaka area (p 0.02).
The south coast population of Grande Terre has also declined, but the reduction of 8% is not signi¢cant.
Tortoise numbers on Malabar and Picard have increased signi¢cantly since 1973^1974, with a doubling of the population on Malabar (p 0.0001).
The magnitude and direction of population changes appear to be density dependent, as indicated in ¢gure 4. The lowest density populations on Malabar and Picard have increased; the intermediate density population on the south coast has remained approximately steady, and the high-density linked subpopulations of Cinq Cases and Takamaka have declined.
CORROBORATIVE EVIDENCE
Corroborative evidence for the tortoise population crash in south-eastern Grande Terre comes from two independent observations: a signi¢cant increase in tortoise mortality in recent years; and a signi¢cant decline in tortoise counts on population monitoring transects.
(a) Tortoise remains
In the absence of large scavengers on Aldabra, tortoise carapaces may persist for two to three years, depending on size and exposure ). All carapaces found in sample hectares during both censuses were examined and recorded. Back-transformed mean densities are compared in table 2 and ¢gure 5. A signi¢cant increase in mortality is apparent.
Tortoise remains on Grande Terre were more than twice as common in 1997 than in 1973^1974, with highest concentrations in the south-east. From the observed density of tortoise remains, it would appear that around 7950 tortoises died between 1995 and 1997. A major contributory factor to this mass mortality is likely to have been two consecutive years of well below average rainfall in 1995^1996 and 1996^1997, as recorded at the meteological station on Picard (SIF, unpublished data).
(b) Transect counts
Three tortoise population monitoring transects in south-east Grande TerreöCoco, Groves and Southernö have been surveyed intermittently over the past 20 years and provide an index of population abundance. Quarterly mean tortoise transect counts are summarized in ¢gure 6, derived from Aldabra Research Station ¢les with additional information provided by C. W. D. Gibson and J. Hamilton (personal communication) . Given the seasonal redistribution of tortoises and the variety of transect recorders, the high variability of tortoise counts is hardly surprising. Nevertheless, visual inspection indicates that counts during the 1990s have been appreciably lower than in the late 1970s and 1980s, especially on Coco and Southern transects.
This impression is strengthened when all three transect counts are summed (¢gure 7), which reduces some of the overall variation, as an increase on one transect may be o¡set by a decrease on another, to reveal a highly signi¢-cant decline in tortoise numbers since 1981 (p50.001).
The decline in numbers is most clearly demonstrated by the end of wet season counts, when tortoises are most widely distributed (¢gure 8). Over the 16 years from February 1981 to February^March 1997, end of wet season transect counts indicate that there has been a 25% decline in relative abundance of tortoises in south-eastern Grande Terre, from 320 to 240. This is consistent with the ¢ndings of the 1997 hectare sample census, which indicate a 33^41% decline since 1974.
DISCUSSION AND CONCLUSIONS (a) Changing population levels
This study has substantiated earlier indications of the non-equilibrium status of the Aldabra giant tortoise populations (Bourn & Coe 1978 , 1979 Gibson & Hamilton 1984) . The directions and rates of change are clearly associated with population density (¢gure 4). The low-density population on Malabar increased rapidly from 1974 to 1997, while the highest density subpopulations, all on Grande Terre, decreased. Although not formally testable, the lowest density population, on I ª le Picard, also increased rapidly from an estimated ¢ve to eight animals per hectare. The patterns of change appear to be related to density in a relatively simple manner, despite the various settings of the di¡erent populations. For instance, populations on Picard, Malabar and GrandeTerre are relatively isolated, while the di¡erent subpopulations on Grande Terre have higher rates of emigration and immigration (Gibson & Hamilton 1983) .
At 100 000 individuals, the Aldabra giant tortoise population is still far more numerous than its endangered relative on the Gala¨pagos, where fewer than 15 000 remain (Stolzenburg 1996) . Densities attained by the Grande Terre tortoise subpopulations are higher than any other surviving giant tortoise population. However, they do re£ect anecdotal reports of typical densities encountered before human exploitation or other disturbance of natural populations. Descriptions of natural densities on the Gala¨pagos, Seychelles, Mascarenes and Aldabra itself (Stoddart & Peake 1979; Desmond & Moore 1992) resemble south-east Grande Terre in the late 20th century, not the current low densities of surviving populations.
Nevertheless, the Aldabra populations have all been disturbed (as outlined in ½ 1 of this paper). We cannot place a precise date on the end of signi¢cant disturbance, but the Grande Terre populations appear to have started their recovery shortly before the beginning of the 20th century. Signi¢cant interference with the more accessible Malabar population continued much later, probably until the late 1950s, while on Picard human removal of tortoises is likely to have continued until the research station was established in 1968. The densities found in the initial census in 1973^1974 re£ect these di¡erences in the period of time that each population has had to recover. The signi¢cance of these changes depends on their cause(s), which warrant further investigation and continued tortoise population monitoring. Whatever the cause, they are important scienti¢cally because they are the only example where large reptile populations can be studied at, or near, their natural densities. Of particular interest is the signi¢cant decrease, or`crash', in highdensity populations, which clearly demonstrate that a stable, steady state was not achieved.
(b) Correlates of change and implication for conservation
Leaving aside changes in initially low-density populations on Malabar and Picard, that are clearly associated with population recovery, the decline in high-density populations on Grande Terre is of obvious potential concern for species conservation. The most parsimonious explanation for the decline is that it is a consequence of the inherent dynamics of giant tortoise populations. For example, Grande Terre populations might be in a state of equilibrium that is not constant, but is cyclic or chaotic; or they might be £uctuating as part of a dynamic recovery process from repeated collections during the 18th and 19th centuries that has yet to run its full course. If either of these explanations were true, there would be important consequences for these animals and others with similar life-history traits. At the least extreme, time, patience and perhaps direct intervention would be needed to ensure their long-term survival. Alternatively, it is known that the Grande Terre populations are very close to their carrying capacity for food supply and, in turn, that rainfall drives both the productivity of key vegetation and reproduction and growth in these tortoises (Gibson & Hamilton 1983 , 1984 . In consequence, population levels, as in African elephants (Laws et al. 1975; Phillipson 1975; Caughley 1976; Eltringham 1979) could be highly sensitive to £uctuations in annual rainfall. Following relatively high rainfall years in the early to mid-1970s, there were several years of drought between then and the early 1990s (SIF, unpublished data). If these low rainfall years alone were responsible for the decline, there is little import for the animals' conservation, unless there has been a permanent change in the rainfall regime.
Feral animals have had less impact on Aldabra than the Gala¨pagos, where they have contributed to the general decline of tortoises and their extinction from some islands, through competition or predation on nests and young animals (MacFarland et al. 1974a,b) . Feral goats have, however, been present on Aldabra at least since the 1870s. Until the 1970s, these appeared to have remained at relatively low levels, maintained perhaps by human predation, but after establishment of the research station, they increased su¤ciently to have marked local e¡ects on vegetation cover (Hambler 1984; Newing et al. 1984; Scoones et al. 1988; Burke 1988a,b) . Subsequent control measures have once again reduced goats to low levels (Coblentz et al. 1990; Rainbolt 1995) . During the period 1987^1997 a total of some 1800 goats were killed, with an estimated 30^50 remaining in June 1997 (M. Bergeson, personal communication).
Goats, which are mainly browsers, have two potential e¡ects on tortoises through food competition and through removal of shade, which tortoises need to avoid overheating Merton et al. 1976) . Overall, tortoises browse little and are mainly grazers, but rely on browsing for short but critical periods during the dry season (Gibson & Hamilton 1983) . Likewise, most habitats used by tortoises on Aldabra have plenty of shade, but shade is critical in others, such as the coastal S. virginicus swards, that many tortoises rely on for short periods of the year. Goats, therefore, may have contributed marginally to the observed decline through impacts on bottlenecks in the tortoises' annual food and shade requirements. If so, this provides further justi¢cation for the continued control, or elimination, of feral goats over and above that of their damage to native vegetation.
The evidence presented in this paper has identi¢ed major changes in the Aldabra tortoise populations and a number of possible causes that correlate especially with the observed declines in the high-density populations. These changes demonstrate the value of long-term monitoring of this last remaining set of long-lived, terrestrial reptiles living under near-natural conditions. The results reveal a dynamic situation, not a static one, and are instructive for the better understanding of the ecology and conservation of tortoises and a wide range of animals that share some of their life-history traits.
The management implications of our ¢ndings depend on what conservation objectives and priorities are considered appropriate, and the ¢nancial and human resources available. Aldabra's remote, rugged and relatively inhospi- SIH is supported by a grant from the Department for International Development (DFID), Livestock Production Programme (ZC0012). However, the DFID takes no responsibility for information provided or views expressed.
